P
lasmodium falciparum malaria is a leading cause of death during childhood, therefore erythrocyte polymorphisms that provide protection against life-threatening malaria have risen to high frequencies in malaria-exposed populations (1, 2) . Investigation of these polymorphisms and their effects on P. falciparum can provide insights into malaria pathogenesis, although in most cases, including hemoglobin S (HbS), ␣-thalassemia, and glucose-6-phosphate dehydrogenase deficiency, the mechanism of protection remains controversial (2) . A polymorphism resulting in erythrocyte complement receptor (CR) 1 deficiency that is found at high frequency in Melanesian populations exposed to malaria is associated with reduced P. falciparum rosetting (spontaneous binding of infected erythrocytes to uninfected erythrocytes) (3) and protection against severe disease (4) . The protective effects of thalassemia, sickle cell trait, and HbC may also be partly caused by reduced rosetting (5, 6) . Rosetting is a known parasite virulence factor (7, 8) that is thought to contribute to the pathogenesis of severe malaria by obstructing microvascular blood flow (9) . Previous studies have shown that rosetting is reduced in blood group O erythrocytes compared with the non-O blood groups (A, B, and AB) in P. falciparum laboratory strains (10, 11) and field isolates (8, 12) . The A and B antigens are trisaccharide structures [A, GalNAc␣1-3(Fuc␣1-2)Gal␤1; and B, Gal␣1-3(Fuc␣1-2)Gal␤1] attached to a variety of glycolipids and glycoproteins on the erythrocyte surface (13) . Group O individuals lack the terminal glycosyltransferases necessary to produce the A or B antigens and carry the disaccharide H antigen (Fuc␣1-2Gal␤1) (13) . The A and B trisaccharides are thought to act as receptors for rosetting on uninfected erythrocytes (14) , and direct binding between the parasite rosetting ligand PfEMP1 and the A antigen has been demonstrated (15) . P. falciparum rosettes are able to form in group O cells, but these rosettes tend to be smaller and more easily disrupted than rosettes formed in group A, B, or AB erythrocytes (10, 14) .
Given the known role of the A and B trisaccharides in rosette formation, we hypothesized that blood group O may be a protective factor against severe malaria because of its rosette-reducing effects. Earlier studies have found no consistent effect of the ABO blood group on the incidence of uncomplicated malaria, parasite density, or levels of anti-malarial antibody (for review, see ref. 16 ). The effect of the ABO blood group on severe falciparum malaria has received little attention, although previous studies have suggested that in African children, blood group A may predispose to severe malaria (17, 18) , and in Southeast Asian adults, blood group O may confer resistance to the multiorgan failure form of severe disease (19) . A rigorous study of the effect of ABO blood group on susceptibility to severe malaria using a matched case-control design with adjustment for known host protective factors such as hemoglobin variants has not been performed (20) . The possibility of a rosette-mediated protective effect of blood group O has been raised previously (17) (18) (19) (20) (21) ; however, the effects of ABO blood group on rosetting and susceptibility to severe malaria have not yet been examined in a single study. We therefore investigated the effect of ABO blood group on rosetting and malaria severity in a casecontrol study of African children.
Results and Discussion
ABO blood group types were assessed on 567 blood samples from Malian children. Each severe malaria case (defined as unrousable coma, severe anemia, neurological impairment, repeated seizures, or evidence of hepatic or renal failure; for full details see Materials and Methods) was matched by age, ethnicity, and place of residence to an uncomplicated malaria control and a healthy control child (22) . Cases of nonsevere hyperparasitemia (Ͼ500,000 infected erythrocytes per l of blood) were also recruited and matched to uncomplicated malaria controls and healthy controls. Some researchers (e.g., refs. 18 and 23) include hyperparasitemia as a criterion for severe disease; however, we have found that children with hyperparasitemia and no other symptoms or signs of severe malaria have an excellent prognosis (0% mortality) and can thus be considered as having a form of uncomplicated malaria with very high parasite burdens (22, 24) . The characteristics of the recruited children are shown in Table 1 .
We found that blood group O was present in only 21% of the severe malaria cases compared with 44-45% of their matched uncomplicated malaria controls and healthy controls [ Fig. 1A and supporting information (SI) Table 4 ]. The effect of the ABO blood group on susceptibility to severe malaria was analyzed by conditional logistic regression. The statistical model was tested for the potential confounding effect of variables occurring in the Malian population that may protect against severe malaria, including HbC and HbS (25, 26) and the CR1-Knops blood group allele Sl2 (Vil) (3, (27) (28) (29) . The influence of Hb variant and CR1 genotype on the final model fit for the analysis of ABO blood group and malaria severity is described in detail in Materials and Methods (Statistical Analysis), and the frequencies of Hb variants and CR1 genotypes are shown in SI Table 5 .
Conditional logistic regression analysis showed that blood group O confers significant protection against severe malaria compared with the non-O blood groups (Table 2 ; P Ͻ 0.0005). The protective effect of group O was seen when the severe malaria cases were compared with either the uncomplicated malaria controls or the healthy controls ( Table 2 ). The level of protection afforded by group O [severe malaria cases versus uncomplicated malaria controls, odds ratio (OR) 0.34, 95% confidence interval (CI) 0.19-0.61, P Ͻ 0.0005 for group O versus the non-O blood groups] is equivalent to that seen for a rosette-reducing CR1 deficiency polymorphism in Papua New Guinea (4) and is slightly lower than the protection against severe malaria conferred by HbS heterozygosity in previous studies (80-90% protection) (30, 31) . The above statistical analysis was carried out on severe malaria cases composed of patients with a spectrum of clinical syndromes (see Materials and Methods). This approach is valid for the hypothesis to be tested here because previous studies have shown an association between P. falciparum rosetting and multiple clinical forms of severe malaria, including cerebral malaria (7, 8) , severe anemia (32), neurological impairment (8), and hepatic or renal dysfunction (33) . Therefore, if blood group O does protect against severe malaria through the mechanism of reduced rosetting, we would expect this protective effect to be demonstrated across all forms of severe disease. Analysis of the effect of ABO blood group within the subcategories of severe malaria showed reduced odds ratios for group O versus non-O, ranging from 0.11 for severe anemia to 0.54 for neurological impairment (SI Table 6 ); however, CIs for each subcategory overlap, and a larger study would be required to address whether the protective effect of group O differs significantly between distinct subcategories of severe malaria.
In contrast to the results for severe malaria, we found that the frequency of group O in the nonsevere hyperparasitemia cases did not differ markedly from that in their matched controls ( Fig. 1B and SI Table 4 ). Conditional logistic regression analysis showed no significant effect of ABO blood group on susceptibility to the nonsevere hyperparasitemia form of clinical malaria (compared with uncomplicated malaria controls: OR 1.00, 95% CI 0.45-2.23, P ϭ 1.0 for O versus non-O; compared with healthy controls: OR 0.94, 95% CI 0.46-1.90, P ϭ 0.86 for O versus non-O). Interestingly, the ABO blood group frequencies of the controls matched to the nonsevere hyperparasitemia cases (Fig. 1B) appear to differ from the ABO blood group frequencies of the controls matched to the severe malaria cases (Fig. 1 A) . This result may be because the nonsevere hyperparasitemia cases and controls are older than the severe malaria cases and controls (Table 1) , and they differ slightly in ethnic group composition (data not shown).
We also used conditional logistic regression to investigate the effect of ABO blood group on uncomplicated malaria compared with the healthy control children and found no significant effect of the ABO blood group on uncomplicated clinical disease (OR 0.97, 95% CI 0.58-1.61, P ϭ 0.90 for O versus non-O using the severe malaria controls; OR 0.94, 95% CI 0.46-1.90, P ϭ 0.86 for O versus non-O using the nonsevere hyperparasitemia controls). Therefore, blood group O only protects against severe, life-threatening malaria (Table 2) and not against uncomplicated clinical malaria with low or high parasite burdens. The number of deaths in the recruited children was too low for a reliable analysis of the effect of the ABO blood group on mortality from malaria. Fourteen children from the severe malaria group died, of which five (36%) were group A, one (7%) was group AB, six (43%) were group B, and two (14%) were group O.
To determine whether reduced rosetting could be the explanation for the protective effect of blood group O against severe malaria in Mali, parasite rosette frequency (percentage of infected erythrocytes binding two or more uninfected erythrocytes) was assessed in the same set of samples. The rosette frequency varies from one parasite isolate to another, and the level of rosetting in a given isolate will depend partly on the variant surface antigens expressed by that isolate (i.e., whether rosetting or nonrosetting PfEMP1 variants are being expressed) (3) and partly on the phenotype of the host erythrocytes (i.e., whether rosetting receptors such as the A or B trisaccharides are present). Rosette frequencies were found to be significantly lower in parasite isolates from patients with blood group O compared with isolates from patients with groups A, B, and AB ( Fig. 1C , P ϭ 0.003, KruskalWallis test). In addition, rosetting was significantly associated with severe malaria in patients with blood groups A, B, and AB (Fig. 2) ; however, this relationship was not apparent in patients with blood group O (Fig. 2) .
The results shown in Figs. 1 and 2 are consistent with the hypothesis that children with blood group O are protected against severe malaria through the mechanism of reduced P. falciparum rosetting. However, it remains possible that the ABO blood group could be independently associated with malaria resistance by a mechanism other than rosetting. To determine whether this explanation is a likely one for the data shown here, we investigated the interaction of host ABO blood group and parasite rosette frequency in relation to severe malaria using logistic regression. An unmatched analysis of the severe malaria cases and their uncomplicated malaria controls was carried out because the technical difficulties of assessing rosette frequency in all samples (see Materials and Methods, P. falciparum Culture) meant that matching reduced the available data from 168 to 82 observations. The reference case for this analysis was the group of children with non-O blood groups who were infected with parasite isolates with no rosetting or very low rosetting (Յ5% rosette frequency). Compared with the reference children, we found that group O children infected with no/low rosetting parasite isolates were not significantly protected against severe malaria (OR 0.97, 95% CI 0.29-3.19, P ϭ 0.96), which demonstrates that in the absence of rosetting, group O does not protect. Children with the non-O blood groups who were infected with parasite isolates showing marked rosetting (Ͼ5% rosette frequency) had a greatly increased risk of severe malaria compared with the reference group (OR 15.23, 95% CI 5.24-49.86, P Ͻ 0.0001). This observation indicates that rosetting is a risk factor for severe malaria in children with the non-O blood groups, as is consistent with the results shown in Fig. 2 . Further analysis showed that there was a significant interaction between the ABO blood group and parasite rosette frequency (interaction OR 0.11, 95% CI 0.02-0.58, P ϭ 0.01), which means that group O children infected with rosetting parasites (Ͼ5% rosette frequency) are still at risk of severe malaria (OR 1.63); however, this risk is substantially reduced compared with the non-O children infected with rosetting parasites (OR 15.23). In summary, this analysis shows that group O only protects in the presence of rosetting parasites and that rosetting is a strong risk factor for severe disease in children with non-O blood groups but a much weaker risk factor in group O children. These data support the hypothesis that the protective effect of group O operates through the mechanism of reduced P. falciparum rosetting. The cutoff rule used in the above analysis (no/low rosetting is Յ5% rosette frequency) is arbitrary because the exact rosette frequency at which significant pathogenic effects start to occur is unknown. However, varying the cutoff point to Յ2% or Յ10% rosette frequency did not materially alter the conclusions of the analysis (see SI To determine whether the relationship between the ABO blood group and resistance to severe malaria is found elsewhere, we retrospectively examined the effect of ABO blood group on malaria severity by using samples collected during two previous studies in Kilifi, Kenya, in 1993 and 2003 (8, 34) . Rosetting was shown to be significantly lower in parasite isolates from patients with blood group O compared with the non-O blood groups in the 1993 study (8) . In both studies, the ABO blood group was assessed on samples from children with uncomplicated and severe malaria (for clinical definitions and inclusion criteria, see Materials and Methods). The patient characteristics for the samples included in the ABO analysis are shown in SI Table 8 . The Kenyan data are derived from small unmatched, retrospective studies that are not adjusted for potential confounding variables; however, they do provide preliminary data addressing whether blood group O confers protection against severe malaria in another population. As can be seen in Table 3 , the ORs for severe malaria were reduced in group O patients compared with non-O patients for both Kenyan studies, but only the 1993 study was statistically significant.
Other work also supports the protective effect of group O against severe malaria in multiple countries, although the level of protection varies between sites, and some of these studies do not use matched controls or take into account potential confounding variables (refs. 17-19 and A. Fry, M. Griffiths, S. Auburn, M. Diakite, J. Forton, et al., unpublished work). Previous work has also suggested that group A and AB are greater risk factors for severe disease than group B (17, 18), which was not apparent in our study in Mali (Table 2) . It has been shown previously that P. falciparum rosetting strains are either A-preferring (forming larger rosettes with group A or AB erythrocytes) or B-preferring (forming larger rosettes with group B or AB erythrocytes) (10), therefore it is possible that variation in parasite rosetting phenotypes in distinct geographical areas could influence the effect of blood group on severe malaria.
Previous experimental work has provided evidence that rosetting may be a parasite virulence factor because it causes microvascular obstruction (9), which is thought to be a key process in the pathogenesis of severe malaria (35) . In an ex vivo model, P. falciparum rosettes were disrupted by high shear forces in the arterial side of the circulation but reformed in the postcapillary venules by adhesion of uninfected erythrocytes onto infected erythrocytes that were bound to endothelial cells (9) . This combination of rosetting and cytoadherence occurring simultaneously, resulted in rosetting parasites causing greater obstruction to microvascular blood flow than isogenic cytoadherent nonrosetting parasites (9) . The ABO determinants are present on endothelial cells and platelets as well as erythrocytes, and it seems likely that parasite isolates that bind to A or B determinants on erythrocytes to form rosettes may also bind A or B antigens on other cell types, which could enhance sequestration and increase pathogenic potential (20) .
In this work we have shown that blood group O protects against severe malaria in a matched case-control study of Malian children, and we provided preliminary evidence for a similar protective effect of group O in Kenya. Statistical analysis of the Malian study indicates a significant interaction between the host ABO blood group and parasite rosette frequency that provides strong evidence to support the hypothesis that group O protects by the mechanism of reduced rosetting and sequestration. These findings indicate that blood group O provides a further example of an erythrocyte polymorphism that, similarly to CR1 deficiency, ␣-thalassemia, and HbC (4-6), is able to reduce the adhesion potential of P. falciparum-infected erythrocytes and consequently modify the virulence of the parasite.
One obvious question that arises from this work is why blood group O does not occur at higher frequency in all malaria endemic regions. It seems likely that this phenomenon represents an example of a balanced polymorphism in the human population because blood group O is thought to confer susceptibility to diseases such as cholera (36) and other diarrheal diseases (37-39) that may be a significant selective force in many malarious countries. The global distribution of ABO blood group types is complex and may be influenced by selection imposed by a variety of pathogenic microorganisms (40, 41) . Our work indicates that malaria is likely to be a significant factor influencing ABO blood group frequencies in tropical and subtropical regions of the world.
Materials and Methods
Mali Study Site and Field Isolates. Blood samples were collected in Bandiagara, Mali, an area with intense seasonal transmission of P. falciparum (20-60 infected bites per person per month at the peak of the July-December transmission season) (42) . The samples were collected as part of the Bandiagara Malaria Project case-control study that has been described in detail previously (22) . Blood samples were collected after informed consent from children's parents or guardians, and all protocols received institutional review board approval. The World Health Organization (WHO) criteria for severe malaria were applied (23) , except that patients with hyperparasitemia (Ͼ500,000 parasites per l of blood) and no other symptoms or signs of severe disease were analyzed as a separate group. Uncomplicated malaria controls were children with P. falciparum infection and fever but with no symptoms or signs of severe malaria and no hyperparasitemia. The healthy control children were asymptomatic and parasite-negative by thick blood smear (22) . In classification of the severe malaria cases, cerebral malaria [unrousable coma with a Blantyre Coma Score (BCS) of Յ2 with other obvious causes of coma excluded] and severe anemia (Hb Ͻ5g/dl) were taken as primary defining criteria when they coexisted with other criteria, as described previously (22) . The severe malaria cases (n ϭ 124) consisted of 32 children (25.8%) with cerebral malaria, 10 children (8.1%) with severe anemia, 9 children (7.3%) with cerebral malaria and severe anemia, 38 children (30.6%) with neurological impairment (impaired consciousness or prostration) but with a BCS of Ͼ2, 26 children (21.0%) with repeated seizures but no lasting neurological impairment, and 9 children (7.3%) with no neurological abnormalities or anemia but with evidence of renal or hepatic failure (anuria, hematuria, jaundice).
Kenya Study Site and Field
Isolates. Blood samples were collected from patients with a P. falciparum parasitemia of 0.5% or higher, attending Kilifi District Hospital, Kenya, in two studies carried out in 1993 and 2003. The effect of ABO blood group on rosetting in the 1993 study has been reported previously (8) . The invasion phenotypes of some of the samples recruited in 2003 have also been reported (34) . At this site in Kenya, malaria transmission is seasonal (June-August and December-February), with the average number of infected bites per person estimated at Ϸ10-30 per year (43) . In both 1993 and 2003, severe malaria was defined as cerebral malaria (as described above for Mali), prostration (inability to sit or in babies, to breast feed), or respiratory distress (abnormally deep breathing). This clinical definition identifies approximately the same group of children at risk of life-threatening malaria as those identified by the more comprehensive WHO criteria (23) . Uncomplicated malaria controls were children with malaria presenting at the outpatient department of the same hospital during the same study period with no signs of severe disease, who were successfully treated as outpatients with oral antimalarial therapy. ABO blood group data were collected for 2 months of the 1993 study (June and July) and throughout the study period in 2003. All samples fulfilling the clinical definitions above for which ABO data were available were included in the analysis.
ABO Blood Group Typing. Blood samples were typed for ABO blood group by standard hemagglutination techniques (44) .
Hemoglobin Typing. Hemoglobin types (HbA, HbS, HbC, and HbF) of the Malian samples were analyzed by cellulose acetate electrophoresis (25) . In 141 samples, electrophoresis results were confirmed by PCR (26) . CR1 Genotyping. Samples were genotyped for the CR1-Knops blood group alleles Sl1 and Sl2 by PCR and restriction digest as described (45) . P. falciparum Culture. After removal of lymphocytes (46) , the Malian samples were washed and then frozen in glycerolyte to Ϫ80°C and shipped to Edinburgh. The isolates were thawed and cultured for 18-36 h as described (46) to allow maturation from ring stage to the pigmented trophozoite stage at which rosetting occurs. No addi- tional erythrocytes were added during this short culture step. Parasite maturity was monitored by Giemsa smear, and only those with normal morphology that matured to the pigmented trophozoite stage were assessed for rosetting. Of a possible 378 P. falciparum-infected samples, 272 were put into culture, the others having been lost during a freezer malfunction. Of those cultured, 13 did not grow, and 51 were excluded because the parasitemia was too low to assess rosetting (Ͻ0.5%). Therefore, rosette frequency was assessed for 208 samples (91 uncomplicated malaria, 40 nonsevere hyperparasitemia, and 77 severe malaria).
Rosetting Assays. Rosette frequency was assessed in the first cycle of in vitro growth. An aliquot of culture suspension was stained with 25 g/ml ethidium bromide for 5 min at 37°C. A wet preparation of the suspension (2% hematocrit) was viewed with a fluorescence microscope, and the number of mature infected erythrocytes binding two or more uninfected erythrocytes was counted. The rosette frequency is the percentage of infected erythrocytes in rosettes of 200 infected erythrocytes counted.
Statistical Analysis. A conditional logistic regression model (the survival package within the R statistical system) (47) was used to estimate ORs and 95% CIs for the effect of ABO blood group on malaria severity in Mali and to test for the potentially confounding effect of hemoglobin variant (HbS and HbC) and CR1 Sl genotype. Candidate variables were initially identified by univariate logistic modeling using P Ͻ 0.2 as an inclusion criterion. Data for some hemoglobin classes were sparse, so this variable was reclassified to wild-type/abnormal hemoglobin before analysis. The final logistic regression models for the ABO analyses were built by manual inspection of overall fit, significance of coefficients, and the effect of additional variables on estimated ORs. Hb variant and CR1 Sl genotype were not included in the final model for the comparison of severe cases and the uncomplicated malaria controls because their inclusion did not have a marked effect on ABO ORs, and their parameter estimates were not statistically significant. Hb variant did improve model fit for the ABO analysis using severe cases and healthy controls and was therefore included in the final model, but CR1 Sl genotype was excluded because it did not improve model fit. Hb level (grams per deciliter) and parasite density were not included in the logistic regression analyses because these variables were used in the definition of cases and controls (see above).
Other analyses were carried out by using Statview (version 5, SAS Institute, Inc., Cary, NC) and http://statpages.org/ctab2x2.html. Differences in proportions between severe malaria cases and uncomplicated malaria controls for the Kenyan samples were analyzed by using 2 tests, and CIs for ORs were calculated as described (48) (www.hutchon.net/ConfidOR.htm). For continuous variables, differences between means were tested by Student's t test or ANOVA. Parasite densities were normalized by log 10 transformation. Rosette frequency data were not normally distributed and were analyzed by nonparametric tests (Kruskal-Wallis).
